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[ Physics Motivations }

<O0lgg 10> Changeswith pandT.

Hadronic properties
depend on the chiral -

condensate <0lgg |0 >
As <01gq10>-> 0, Restoration of chiral symmetry.

Partial
restoration of
chiral symmetry

l<qg>, 1l

30% decrease

Chiral symmetry
is spontaneously |
broken,

Normal
Nucleus

chiral symmetry
restored

T. Hatsuda and T. Kunihiro, Phys. Rev. Lett. 55 (1985) 158.
W. Weise, Nucl. Phys. A443 (1993) 59c.

The quark condensate decreases with increasing the nuclear density and temperature
(chiral symmetry restoration) [see W. Weise lecture and references]




[ Physics Motivations }

Scale invariance in effective Lagrangian: | my _my _fi 4o A 0

G.E. Brown and M Rho, Phys. Rev Lett. 66 (1991) 2720 my my f,
QCD sumrules: M _j_afr ~016+0.06

m P
T. Hatsuda and S. Lee Phys. Rev. C46 (1992) R34 Y ‘

Many body effects:
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B Friman, H.J. Pirner, ;
L alp=p, S

Nucl Phys. A617 (1997) 496

Rapp et al.
at p=p,

R. Rapp, G. Chanfray, J Wambach,
Nucl Phys. A617 (1997) 472
R. Rapp, arXiv:nucl-th/0608022 (2006)
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Are these modifications observed??




dN/dm,, [c¥GeV] IN PHENIX ACCEPTANCE

Some HI results (see other talks)
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Medium modification of vector meson properties
seem to explain Hl results HOWEVER

1) In A+A collisions, the results are integrated over a whole range of p and T;
“it is hard to get easily to the elementary process”!

2) In A+A collisions, the interesting phase of matter is produced (if at all!) in the
very early stages of the reaction, generally far from equilibrium, making it hard
to directly compare to the theoretical models which all assume equilibrium.

3) In A+A collisions, many channels are involved

4 1<qg>, 7l

Density




P
It is interesting to look for medium modification of vector meson

properties in nuclei (at T=0 and p~p,)

.

\

The predicted medium modifications are so large that even at normal nuclear
density, they can be observed, so:
Let’s produce Vector mesons in nuclei.

* Do it with probes that leave the nucleus in almost an equilibrium state vy,7,p,..
e (probe) + A --> VX ->ete X

Vector mesons p: M=768 MeV  I'=149 MeV ct~1.3 fm

JP=1- : M=782MeV TI'=8MeV c¢1~23.4fm
b M=1020 MeV TI'=4MeV ct~44.4fm

Decay inside

S Need very low p




Present and planned “elementary reactions”

‘not exhaustive list):

Experiment Reactions Results

TAGX y +*He-->p+X (p->mtm-) full BR, a ~ 0.06
KEK pHA->p,w,0+X (p,w->e"¢e) o = 0.092+0.002
KEK pHA->¢p+X (p->e'e") o~ 0.04
SPring-8 Y+ A-->¢p+A*(p--> K'K") no effect

TAPS V+A-->w+X (0 --> 710 y) o~0.13
JLab-g7a v+A-->(p,w,p)+A* (VM-->e*e)  a=0.02+0.02
JPARC p+A->p,w,0+X (p,w,p->e"e") proposal #16
HADES ptp,d->p,0,0+X (p,w,p->e'e”)  (running)

-Only g7 with EM interaction in entrance and exit channels
-KEK cannot easily extract p

-TAGX, Spring8 and TAPS have hadronic FSI.




.~ KEK-PSE325 | paoporXpossere

M. Naruki et al, PRL 96 (2006) 092301
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“o/w is consistent with zero (0.0+/-0.02(stat)+/-0.2(sys) and 0.0+/-
0.04(stat)+/-0.30 (sys)) It is pretty much surprising because the p/
w is known to be unity in pp interaction (PLB48(74)73)"
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[ KEK-PS E325 cont } M. Naruki et al, PRL 96 (2006) 092301

Subtract the background and constrain the w/p ratio to include p
Using a model that predicts the probability for p mesons decaying inside the nucleus.

m*/m =1 - 0.092 p/p,

events[/10 MeV/c’]

p/o=0.7%+0.1
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— fit result
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— fit result

o =0.092 +/- 0.002
“the fit ... reproduces the data qualitatively well”




KEK-PS E325

Invariant Mass Spectrum of e*e- (§ meson)
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KEK E325 fit results

m*/m=1-k; p/p,.

I'*T" =1+k, p/p,
Best Fit Values
P, W ¢
Kk, 9.2 +0.2% 3.4706 %
k, 267,
p/w |0.7£0.1(C) -
0.9+0.2 (Cu)
Enyo et al (YKIS2006)




Photoproduction of Vector Mesons off Nuclei
“looking for medium modifications”
YA VX
ere

Jlab Experiment E01-112 ( also called g7)
Spokespersons: C. Djalali (USC), M. Kossov (ITEP),

D. Weygand (Jlab)
Photon beam (minimal disturbance to initial sate) :

E ~.6to 3.8 GeV (tagged )
Targets: LD,, C, Ti, Fe, (Pb)
Leptonic decay :
Almost no final state interaction! HOWEVER ( NO FREE LUNCH!)

Low branching ratio : ~5 10-°

needs high photon flux : 5 107 tagged y/s




CEBAF (Continuous Electron Beam Accelerator Facility)
At JLab (Jefferson Laboratory) at Newport-News (VA, USA)
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[ Three Halls }

~— SIMULTANEOUS COMPLEMENTARY EXPERIMENTS —

{HALLA

Pair of identical High Resolution
Spectrometers (HRS?)

CEBAF's Large Acceptance Spectrometer
(CLAS) and Bremsstrahlung Photon Tagger

e == (HALLC

High “
ooooo
L .
A

si== " High Momentum Spectrometer (HMS)
and Short Orbit Spectrometer (SOS)

_______

}‘ 46 m
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| S— /ﬂ/{wmzu hall J
( UUU EndStations/SimComExp/Short/mbs

The 3 experimental halls can run simultaneously
In Hall B, the CLAS detector(CEBAF Large Acceptance
__Spectrometer) : Electrons and (tagged) Photon beams




The CLAS Collaboration

Idaho State University, Pocatello, Idaho

ﬁ:;?"’;a .fta;ecuf.;"fr’, i . Tefpe’ I"‘Z a INFN, Laboratori Nazionali di Frascati, Frascati, Italy
Ca;l‘;zr:,la}rl gtat: Z/?vivgsitosoo':gies' Hills, CA NG AT D TR L
. . Y, Bominguez fills, Institut de Physique Nucléaire, Orsay, France
Carnegie Mellon University, Pittsburgh, PA .
Catholic University of Ameri IS, LRI, (RIS
CEA-Sacla Gi;‘—}; or-Yve(tetéCél’:ranc | James Madison University, Harrisonburg, VA
Christopher Newport University, Newport News, VA St Kyungpook University, Daegu, South Korea
Uni rpt FC P ticut St i CTp LS > X University of Massachusetts, Amherst, MA
E dl'xle) sr,}llvcl).l 'onnic ’7_:%’. b O”Z’ UK = Moscow State University, Moscow, Russia
= n du Ig " nn;grs: ly U . n t{trg M i FL University of New Hampshire, Durham, NH
orica ‘niemationar Lniversity, tami, ——— Norfolk State University, Norfolk, VA
Florida State University, Tallahassee, FL . . .
Georae Washinaton University. Washinaton. DC Ohio University, Athens, OH
ge ‘/vashington niversity, Washington, Old Dominion University, Norfolk, VA

University of Glasgow, Glasgow, UK

Rensselaer Polytechnic Institute, Troy, NY
Rice University, Houston, TX
University of Richmond, Richmond, VA

University of South Carolina, Columbia, SC

Thomas Jefferson National Accelerator Facility, Newport News, VA
Union College, Schenectady, NY

Virginia Polytechnic Institute, Blacksburg, VA

University of Virginia, Charlottesville, VA

College of William and Mary, Williamsburg, VA

Yerevan Institute of Physics, Yerevan, Armenia

Brazil, Germany, Morocco and Ukraine,

as well as other institutions in France and in the USA,

have individuals or groups involved with CLAS,

but with no formal collaboration at this stage.




TAGGER in HALL B
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Flux ~ 5x107 y/s, Can Tag y with E, between 0.2 and 0.95 of E,




The photon beam (the tagger)

—[ BREMSSTRAHLUNG TAGGING SYSTEM ]—\

'E' Focal Plane. N Full-energy (Eo)

E 384 Front < Bectrone

> 3| Counters

( — energy)
-4 — 48 Backing
Counters \ ~ ~
(> timing) NS \\\ Ny TR \‘\\s\:
60 | | | | [ 1 1 SR R—
1 0 1 2 3 4 5 6 7 8 9 10 11
X [m]
— @CEBAFE e

*Photon beam is created by bremsstrahlung
using a radiator located on the beam line.

*Energy distribution is dN (k) o ldk
k

*Electrons are removed from the beam axis
using a magnetic dipole and bent onto 2
planes of scintillators.

* The tagger covers [20%, 95%] of the
incident electron’s energy range.

*The tagger allows to tag the photon with
an energy and a time.

Bremsstrahlung Tagging Spectrum (20%-95%)

“E(e’) =3.0 GeV  E(y) = 0.60 - 2.85 GeV
- ‘E(e’)=4.0GeV E(y) = 0.80 - 3.80 GeV




The Cebaf Large Acceptance
Spectrometer

Torus magnet
6 superconducting coils
[B-di=1.7 Tm

Electromagnetic calorimeters
Lead/scintillator, 1296 photomultipliers
0/Ex10%/EV?

Liquid D, (H,)target +
v start counter; e minitorus

Drift chambers
argon/CO, gas, 35,000 cells =
0=300um
Gas Cherenkov counters

e/n separation, 256 PMTs
99.5% efficient over 55 m? area

Time-of-flight counters
plastic scintillators, 684 photomultipliers
o0~145ps

A Mecking et al.. Nucl. Inst. Meth.. A 503 (2003) 513.




== The magnetic field is strong at forward angles becoming

weaker at larger angles. Almost magnetic field free target region

mm) ( superconducting coils separated by 60°in ¢ produce a toroidal magnetic
field with a symmetry around the beam axis
(azimuthal symmetry)

Charged particles
are bent in 6 but not in ¢

—)




~|{ REGION III DRIFT CHAMBER ASSEMBLY |

Composite Endplate

Composite Shell

Carbon Fiber Tube

Stern Plate

Bow Plate

Three tracking regions :
Around the target (~1m, low field)

Close to the coils (~2m, strong field, maximum curvature)

Beyond the coils (~3m, low field).

Each region has 2 “super layers” :
axial/parallel to B
with a stereo angle of 6° (info. in ¢)

— CESAFr "
v. burke REG3diftCym 2293




Designed to detect the trajectory of charged particles
p>150 MeV/c and 8°< 0 <142° (up to 80% in ¢)
op/p~.5-1%, 00, 0¢ < 2mrad
[Field setting: (-) in bending; (+) out bending]
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N 5 f\cylindrical
;o miror

Winston election —*
Hyperbolical Photomultiplier Cones track

Mirrors and

Electron trigger, e/t discrimination,

Angular coverage: 8° to 45°in 0 and 60° in ¢,

Focus the Cerenkov light on the PMT (5 in. Phillips XP4500B) located in
the shadow of the main torus coils,

Each module : 2 focusing mirrors (aluminum), 1 cylindrical
mirror et 1 collecting the light (216 in total).
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The time of flight system

75 scintillators per sector between 8° and 142° (206 m?)

= [.cngth : from 32 to 450 cm,
mm)p | hickness: 5 cm,
my VWidth @ 15 cmand 22 cm.




CLAS ELECTROMAGNETIC CALORIMETER C s
/» Scintillator bars | :

U - plane p

V - plane p

W - plane p

-------
>
7 ~—Fiber Light Guides
(front)

Fiber Light Guides
(rear)

pyramid, located at S m from the target and covering 8°<6<45°;
=) 39 layers of 1cm scintillator + 2.2 mm sheets of Pb (16))

= Each layer of scintillators is divided in 36, parallel to each side of
the triangle ; this orientation changes by 120" for each new layer
=> 3 orientations (U,V,W)=>Cells of ~10 cm ;

) EC divided in inner (15 layers) et outer (24 layers) parts
— 5 to 8 successive scintillators are read by a single PMT

2
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ELECTRON IDENTIFICATION

A
i

EC ENERGY (GeV)
b
EC OUTER ENERGY (GeV)

=5

< < a= 1 1=
OC MM ENT UM 0GeaeVvaa) BEC INNER ENERS Y cSGaeVv)

For ¢, correlation between the energy measured by the EC and the
momentum measured by the DCs,

Most of the are rejected by the threshold on the total

energy in the EC : (0.6 GeV > 20E(MIPs))
Most of the © deposit their energy in the front (inner) part of the EC (the
pions deposit very little energy in the inner part and a lot in the back

- (outer) part of the EC)




Multi-Segment Nuclear Target

B Contains materials with different average densities.
p» LD2 and seven solid foils of C, Fe, Pb, and Ti.
» Each target material 1 g/cm? and diameter 1.2 cm

g7 data - All | hall
Entries 2609232

Mean -10.47
RMS 7.163

10000

'0000

0000

10000

0000

10000

!0000

0000

IIIIIIIII]IIIIIIIIIlIIIII[II]IIIIIlIIIIl

%

(&)

-15 -10 -5 5
z Vertex (cm)

B Proper spacing 2.5 cm to reduce multiple scattering
p Deuterium target as reference, small nucleus, no modification is expected.




Mini-torus around Target

-g’] first experiment using Z>4 targets in CLAS
Photons + heavy targets ---> huge low energy pairs
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e*e: Invariant Mass Spectra

sExcellent /e discrimination: 5.4x10 “for one and 2.9x107 for two arms.
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Possible channels that contribute
to the et+e- mass spectrum

Correlated:

*  Monte-Carlo simulations using a model (BUU) by Mosel et al. (Nucl. Phys. A671, 503 (2000))
including various decay channels and nuclear effects, and CLAS detector simulation package
(GSIM) Simulations with BUU includes all the e+e- decay channels with same strength.

— = ete-, p=> ete-, p>ete-
— M= yete- >
— > n0 ete-
“Semi-correlated”:
* Bethe-Heitler calculated by Mosel’s group = negligible
e YA2>a'n0 X > yete-yete- 2 nt’ Dalitz decay mixed = negligible
e w0 ete-ete- double Dalitz = low mass

Uncorrelated:

 Mixed event technique. Pairs of identical (e+e+, e-e-) leptons, which
are produced only by combinatorial background provide a natural
normalization and samples of uncorrelated particles.




G7 “cocktail” BUU predictions

Monte-Carlo simulations based on Giessen code
using the BUU transport equations [ Mosel et al.
Nucl. Phys. A671, 503 (2000)]

The code includes various decay channels and
nuclear effects, and CLAS detector simulation
package (GSIM)

Generates 7 channels: e"e” decays of the p, ®
and ¢ + Dalitz decays of the ©t°, 1), w and A.
Includes conventional medium effects such as
Pauli blocking, shadowing for photon induced
reactions, Fermi motion of nucleons, collisional
broadening (targets other than proton).

Can add a mass shift according to the Hatsuda
and lee formula on demand.

[ Weighted invariant mass of reconstructed ete- pairs

invMrec

x10°

Entries 7226
Mean 0.6949

Weighted invariant mass of reconstructed e+e- pairs

invMrec

Entries 21951
Mean 0.7324

0.8 RMS  0.1787|| 0045 RMS  0.1815
0.7 0.004
06 .0035]
0.003 C
0.5
p .0025]
0.4
0.002
0.3
.0015]
= 0.001
0.1 .0005
8.2 0.4 0.6 0.8 1 1.2 8.2 0.4 0.6 0.8 1 1.2
‘ Weighted invariant mass of reconstructed e+e- pairs invMrec ‘ Weighted invariant mass of reconstructed e+e- pairs invMrec
Entries 27841 Entries 28990
Mean 0.7049 0.04 Mean 0.6793
0.018 RMS  0.1934 g RMS  0.1927
0.016

0.014

Fe

0.012
0.01

Pb
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[ Uncorrelated events

The mixed-event technique: What is “combinatorial background”?

The combinatorial background is the random combination of pairs
(e*e-, ee’, and e*e*) due to the uncorrelated sources.

Which belongs to which?
v et e- v> e+ e- v> e+ e- Y>> et e-

> ye+e- n0 > yet e- 0 > ye+e- n0 > yet e-

1) Mix e* and e- from different events, use the same acceptance as
data to get shape for the uncorrelated background. The normalization
of the background comes out of the best fit.

2) Use yield of pairs of identical (et+e+, e-e-) leptons, which are
produced only by combinatorial processes, will provide both a natural
normalization and shape for the uncorrelated background




[ 1) Mixed events BKGD
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Mixed events background shape
for g7 — with sector cuts as data
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In Blue: Scaled combinatorial

background superimposed on g7 data
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[ Fit Results for Fe + Ti }

[
—— fit result . c
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Preliminary conclusions
using mixed event shape only

-From y, fit one might conclude ( although limited
stat) that the data can accommodate a downward
mass shift.

-Spectral shape of p not well “defined”, the “free to

move” background ( i.e normalization determined
by best fit) can take away p strength.

-In Pb where the background is large, the best fits
didn’t have a p at all, it had to be forced into the fit.

-Overall not satisfactory and hard to conclude




{2) Combinatorial background using same charge pairs}

Plryp) = e

Py =P(l, py) = pe
Po=P(lp)=pe

Py = P2, ) = e
P_=Pp)= %;ﬁe‘“—
P_|__ = P+P_

SL2 oy L w12
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| Combinatorial Background |
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u+u— measurement: at CERN-SPS IPNO-DR-02.015 (2002)

n+n— measurement: at CERN-ISR (Nucl. Phys. B124 (1977) 1-11).
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et+e- measurement: at RHIC (arXiv:nucl-ex/0510006 v1 3 Oct 2005).
Proton Femtoscopy of eA interactions: ITEP group, CLAS Analysis 2003-103

The error on the normalization factor comes from the statistical uncertainties on
the N,, and N__and is about 4-7%.
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Combinatorial BKGD in g7
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g7a Result : Background subtracted fits

« Model the background using “mixed-events” technique.

« Monte-Carlo distributions generated by Mosel’'s BUU model used to fit the data.
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[ g7a Results: background subtracted
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Extracted p “spectral functions” from g7a data:
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[ Masses and widths for extracted p }

Target Mass (MeV) (Width (MeV)| Mass (MeV) (Width (MeV)
g7a Data g7a Data BUU BUU
C 768.5+£3.77 | 176.4+9.5 7713.8+£09 | 177.6 £2.1
Fe 779.0+5.7 | 217.7+£145 | 773.8+5.4 | 202.5+11.6

Masses are consistent with the PDG value (m = 770.0+/-0.8 MeV),
with collisional broadening as predicted by BUU.

In terms of HL parameterization

lof = 0.02  0.02




{ Summary and Conclusions }

b, The e+e- pairs from the rare leptonic decay of the light vector mesons are
identified with excellent pion rejection factor with CLAS. Clearly seen o and ¢
signals.

b “Mixed events” technique for the combinatorial background works giving
both shape and normalization!

LCorrect spectral shape of p extracted.

kg7 results are not compatible with large predicted mass shift (a~0.16-0.20) or
KEK results (a~0.09)

g7 results are compatible with no mass shift at all |o| = 0.02 * 0.02

and “normal width broadening” as predicted in BUU calculations

LNeed data for lower momentum p

LPossible high statistics measurements on H.

LMedium modification studies continue to be a hot topic!

WE NEED TO COMBINE RESULTS FROM DIFFERENT
EXPERIMENTS AND HAVE CONSISTENT THEORETICAL
MODELS EXPLAINING THE WHOLE PICTURE




